Introduction
============

Most eukaryotic cells are composed of various cytoplasmic organelles that are separated from each other and from cytosol by single or double endoplasmic membranes (EMs) ([Fig. 1](#fig1){ref-type="fig"}).[@cit1]--[@cit3] The organelle membranes have an important role in a variety of essential cellular functions as many vital biochemical processes between organelles and cytosol occur across them. As one of the morphological features, some EMs are folded to improve their biochemical efficiency by increasing their surface area. For example, as the powerhouse of the cell, mitochondria are covered by two membranes of a smooth outer membrane and a folded inner membrane (violet in [Fig. 1](#fig1){ref-type="fig"}).[@cit4] Endoplasmic reticulum (ER), the largest membrane-bound organelle in the cell, has a typical folded membrane structure (blue in [Fig. 1](#fig1){ref-type="fig"}) that is divided into distinct domains of the nuclear envelop and the peripheral rough/smooth ER. Golgi apparatus, the other cisternae structure in cell, is the main organelle responsible for mediating the transportation of protein and fat within the cell (green in [Fig. 1](#fig1){ref-type="fig"}).

![Cytoplasmic organelles inside an eukaryotic cell.](c7sc04733a-f1){#fig1}

Most of the organelle membranes are composed of lipid bilayers with a thickness of 5--6 nm, and thus they cannot be resolved by bright field microscopy. So far, electron microscopy allows one to visualize the finest structures of those organelles at a subnanometer resolution, but it inevitably requires a dehydration or fixation process resulting in structural deformations of sample cells.[@cit5],[@cit6] On the other hand, one great advantage of fluorescence microscopy is its capability of imaging the morphological and functional alteration in live cells.[@cit7]--[@cit15] Nevertheless, it also has critical restrictions including limitations in observation time due to photobleaching and undesirable alteration in cellular functions induced by tagging fluorescent molecules to the specific target sites.

Recently, a powerful imaging technique named interferometric scattering (iSCAT) microscopy was developed by the Sandoghdar and Kukura groups, which was found to be of exceptional use in label-free tracking of nano-sized particles beyond a diffraction limit at a high temporal resolution.[@cit16]--[@cit19] Conceptually, it is based on "interference reflection microscopy (IRM)" which was introduced in the 1960s to measure small inter-surface distance between two (upper and lower) planar surfaces of a glass substrate and to observe the underside of adherent cells.[@cit20] Since then, IRM has been further developed into several optimized techniques generally referred to as "reflection interference contrast microscopy (RICM)" that enable both absolute height measurement with great accuracy of ∼1 nm in the vertical direction and instantaneous construction of the local surface profile of microscopic objects near surfaces.[@cit21]--[@cit26]

In comparison to these RICM techniques, the major difference in iSCAT microscopy is to employ a coherent laser as a light source to detect a very weak signal scattered from a nano-scatterer. The iSCAT technique collects the light (*E*~s~) scattered by the object together with a reference light field (*E*~r~) reflected at an interface. The total intensity of light is then given bywhere *φ* is the relative phase between the two electric fields. Due to the interference term that is the third on the right-hand side of eqn (1), the object would appear as a dark dip or a bright peak, depending on the relative phase factor, on top of a constant and large background associated with \|*E*~r~\|^2^.

Until now, the iSCAT microscopy has been mainly used to identify and track small particles in motion in various artificial bio-mimicking systems such as extracted biopolymers, lipid bilayer substrates, and giant unilamellar vesicles, which have no natural complexity of a living cell.[@cit27]--[@cit33] Here, we for the first time explore a new possibility of iSCAT microscopy toward a label-free live-cell imaging. Surprisingly, the iSCAT cell imaging reveals not only the close contact areas of a cell on a glass substrate, but also a variety of complex fringe patterns that reflect the folded membrane structures of various cytoplasmic organelles.

Results and discussion
======================

iSCAT image of live COS-7 cells
-------------------------------

Our design of iSCAT microscopy was built in a similar way to the one originally developed by the Sandoghdar group ([Fig. 2](#fig2){ref-type="fig"}; for detail, see the materials and methods section).[@cit18][Fig. 3](#fig3){ref-type="fig"} shows a typical iSCAT image of living COS-7 cells, fibroblast-like cell lines derived from monkey kidney tissue. Here, several connected cells form a tissue-like structure, and their boundaries are indistinguishable in our iSCAT image. To construct this mosaic picture in [Fig. 3](#fig3){ref-type="fig"}, we captured many snapshots contiguously by manually moving an X--Y piezo-stage at the interval of ∼5 μm in order to construct a whole cell image by patching images of subcellular region (viewfield area: 10 × 10 μm^2^). As illustrated in the previous RICM experiments, the light intensity has a minimum value when the path length difference between two interfering rays is close to zero. Thus, the close contact areas in the underside of a cell onto a glass substrate would appear to be dark.[@cit22] Indeed, the focal adhesion sites of cells are the dark spots that are broadly and mainly distributed at the cell boundary (see the yellow boxed area in [Fig. 3](#fig3){ref-type="fig"} and the structures marked by the red arrowheads in its magnified view of [Fig. 4A](#fig4){ref-type="fig"}). Also, the fine structures of filopodia, narrow cytoplasmic projections extended beyond the leading edge of lamellipodia, are clearly visible as dark features (see the structures marked by the blue arrows in [Fig. 4A](#fig4){ref-type="fig"}), which is invisible in a bright field microscopy. Furthermore, filopodia with bright intensity (the blue circled area in [Fig. 4A](#fig4){ref-type="fig"}) is observed presumably because it is detached from the glass substrate.

![Schematic of iSCAT microscopy used in our experiments. The beam of a 405 nm diode laser is steered by two AODs for the *x* and *y* direction in the sample plane to raster-scan on the target cells inside a glass chamber placed on 100× objective \[M1-11, mirrors; L1-3, lens; BS1-2, 50 : 50 beam splitters; ND, neutral density filter; AOD, acousto-optic deflector; and T1-2, telecentric lens (*f* = 500 mm)\].](c7sc04733a-f2){#fig2}

![Interferometric scattering image of COS-7 cells. A typical characteristic feature of COS-7 cells showing the underlying structures of intracellular organelles revealed in iSCAT microscopy: this mosaic image is constructed with a total of 90 iSCAT images contiguously captured by manually moving the X--Y stage at the interval of ∼5 μm. The labyrinth-like fringe structure surrounding the cellular organelle with an oval shape and the irregular fringe structure in the cytoplasmic region are highlighted with blue and red dashed-line boxes, respectively. The image in yellow dashed-line box shows a cell boundary in close contact with the glass substrate. The strong fringe pattern in black dashed-line box corresponds to a cell boundary with great topological variations. In this image are shown several cells tightly connected with each other, but it is difficult to identify boundaries between them. The viewfield area of a single snapshot image is 10 × 10 μm^2^.](c7sc04733a-f3){#fig3}

![Zoom-in iSCAT images of COS-7 cell boundaries. (A) Close contact areas of a COS-7 cell spreading onto a glass substrate. The narrow filopodia structures extended from the thin lamellipodium are shown as dark marks (blue arrows), except one dim blob, which seems to be a detached filopodium from a glass substrate (blue circle). Also, the focal adhesions appear as dark spots (red arrowheads) that are scattered within the rim of a cell lamellipodium. (B) Strong fringe patterns formed along the cell boundary. These fringes can be formed by either overhanging structure at the edge of a cell or second reflection from the top surface of a cell (blue boxed areas). The scale bar is 2 μm.](c7sc04733a-f4){#fig4}

Strong fringe pattern around the cell boundary
----------------------------------------------

The image in [Fig. 3](#fig3){ref-type="fig"} shows very strong fringe patterns formed along the cell boundary (see the black boxed area and its magnified view in [Fig. 4B](#fig4){ref-type="fig"}), which can be induced by either the overhanging structure of the cell membrane,[@cit20] slightly lifted up from the glass substrate, or the reflection from the upper cell membrane as shown in the RICM experiment on red blood cells.[@cit34] In both cases, the fringes sensitive to the inter-surface distance are produced by the interference between the reference light reflected by the glass surface and the scattering light from membrane -- note that, when the path length difference between the two lights equals integer multiples of the wavelength of the incident light (*λ*~i~), the two fields constructively interfere. If we only consider the refractive index of culture medium, *n* ∼ 1.3, the vertical distance (*h*) between adjacent dark (or bright) bands in the fringe of [Fig. 4B](#fig4){ref-type="fig"} is estimated to be about 150 nm by a simple calculation, *h* = *λ*~i~/(2 × *n*), where *λ*~i~ is 405 nm. On the other hand, the intracellular space is filled with a complex mixture of cytosol and many organelles with a broad range of refractive indices. Thus, it is difficult to estimate the exact value of *h* from the iSCAT image of [Fig. 4B](#fig4){ref-type="fig"}. To confirm that the fringe pattern in the iSCAT image is directly related to the *h* of scattering point on a cell surface, we carried out iSCAT measurements of *Escherischia coli* (*E. coli*) OP50 of which the head part is anchored on the glass surface at a standing angle (*θ*~s~). The fringe spacing in the iSCAT image of *E. coli* can be well-described by assuming a rod shape for the cell (Fig. S4 and ESI Video-*E. coli*.avi[†](#fn1){ref-type="fn"}).

Labyrinth-like fringe patterns in cytoplasm
-------------------------------------------

The RICM technique has been primarily utilized to observe the underside of cells close to the glass substrate due to the lack of contrast for the light reflected or scattered from intracellular structures in the presence of inhomogeneity in refractive index, *n*. Indeed, it has been known that the cell outer membrane has a relatively high value of *n* in the range of 1.46--1.60 depending on its composition, compared to cytosol (*n* = 1.36--1.39).[@cit35]--[@cit38] Recently, it was shown that the nucleus has the *n* values of 1.355--1.365, which is lower than that of cytoplasm.[@cit39] Despite such complexity in the distribution of *n* values, our iSCAT microscopy is found to be of great use in studying various intracellular structures.

Interestingly, we found a labyrinth-like fringe pattern enveloping the cytoplasmic organelle with an oval shape (blue boxed area in [Fig. 3](#fig3){ref-type="fig"} and its zoom-in image in Fig. S5A[†](#fn1){ref-type="fn"}). Noting that the artifactual images produced by diffraction usually exhibit simply connected ring patterns, this labyrinth-like structure reflects an existence of any specific organelle inside a cell. In addition, quite a few fringe patterns fill in the scanned cell image in a random fashion. For example, the zoom-in image of the red boxed area marked in [Fig. 3](#fig3){ref-type="fig"} is depicted in Fig. S5B.[†](#fn1){ref-type="fn"} Also, we note that the amplitude variations in these fringe patterns do not show any noticeable regularity (Fig. S5C and S5D[†](#fn1){ref-type="fn"}), while it is gradually decreased as the *h* of scattering point on a cell body of *E. coli* OP50 is increased (Fig. S4B[†](#fn1){ref-type="fn"}). This indicates that these interior fringe structures may represent the folded structures of membrane organelles, which has not been reported in the previous RICM experiments for other types of cells including monocyte, neutrophil, and macrophage.[@cit22],[@cit23]

Real-time tracking
------------------

In principle, iSCAT technique is similar to RICM. However, the sensitivity of iSCAT becomes much enhanced by using a coherent laser as a light source as well as by focusing light on a small spot. Thanks to these modifications, the iSCAT microscopy has a few useful capabilities. We could even track the Brownian motion of a dancing body, which is usually observed as a vividly moving insoluble polyphosphate complexes with the size of \<1 μm in the vacuole of yeast *Saccharomyces cerevisiae* (Fig. S6 and ESI Video-yeast.avi[†](#fn1){ref-type="fn"}).[@cit40],[@cit41] From the analyses of fringe spacing, we could calculate the standing angle of a given *E. coli*, which is anchored but thermally fluctuating (Fig. S4 and ESI Video-*E. coli*.avi[†](#fn1){ref-type="fn"}). Most importantly, we here show that the spatial variation of refractive indices associated with cell outer membrane and the internal organelles can be investigated by means of analyzing iSCAT images of living cells.

Direct comparison of iSCAT images with phase contrast microscopy for the same fixed cells
-----------------------------------------------------------------------------------------

Next, we directly compare the iSCAT image with the phase contrast image to address the advantages as well as weaknesses in cell imaging *via* iSCAT microscopy. It required a long experimental time to complete the whole experimental procedure because scanning a whole cell by iSCAT microscopy is time-consuming and the two microscopy systems are located in separated places, which makes simultaneous imaging impossible. To avoid any undesirable morphological changes that may occur to living cells over the prolonged experimental time, we used fixed COS-7 cells inside a shallow glass chamber. [Fig. 5](#fig5){ref-type="fig"} and S8[†](#fn1){ref-type="fn"} are typical examples of cell images (here, two cells are linked together by a narrow tubular bridge) taken with the two microscopic techniques, which allowed us to directly compare the characteristics and qualities of those techniques. Here, their magnifications were similar: 400× and 500× in phase contrast and iSCAT microscopy, respectively. Then, to clearly demonstrate the strength of iSCAT microscopy, we directly compared images taken for intracellular and extracellular regions including a cell nucleus, thin branches of filopodia, and a wide lamellipodium, which are highlighted in three dashed-line boxes in [Fig. 5](#fig5){ref-type="fig"} (see Fig. S7[†](#fn1){ref-type="fn"} for enlarged image).

![Direct comparison between the phase contrast cell image (A) and the iSCAT cell image (B) taken for the same fixed COS-7 cells. As shown in the phase contrast image (A), two cells are linked together by a narrow tubular bridge. The corresponding iSCAT image (B) is constructed with a total of 179 iSCAT snapshots. The area of the nucleus in the lower-left cell is indicated by red dashed-line boxes in (A) and (B). Also, the areas of lamellipodium and thin filopodia branches at cell boundary in the upper-right cell are marked with yellow and blue dashed-line boxes in (A) and (B), respectively. Here, the phase contrast image (A) was taken at 400× magnification while the iSCAT image (B) was taken at about 500× magnification. The viewfield area of a single iSCAT snapshot image (B) is 10 × 10 μm^2^. For the zoomed-in images, see Fig. S7.[†](#fn1){ref-type="fn"} The scale bars in (A) and (B) are 20 μm.](c7sc04733a-f5){#fig5}

First of all, a cell nucleus is the largest cellular organelle occupying about 10% of the total cell volume. In general, in phase contrast microscopy, it appears visible as its refractive index differs from that of cytoplasm. Also, there are bright phase halos near the nucleus, which are usually observed at the boundary regions of a large specimen (such as a nucleus) (red dashed-line box in [Fig. 5A](#fig5){ref-type="fig"}). In iSCAT microscopy (see red dashed-line box in [Fig. 5B](#fig5){ref-type="fig"} or [6A](#fig6){ref-type="fig"}), contrary to phase contrast microscopy, the boundary of a nucleus is conspicuous by dark fringes (red arrowheads in [Fig. 6D](#fig6){ref-type="fig"}). Interestingly, we found that the fringed region at the center of the iSCAT image in [Fig. 6D](#fig6){ref-type="fig"} reflects 3-dimensionally rounded structures inside a cell nucleus, which might be nucleoli or other membranous or non-membranous granular objects revealed by phase contrast microscopy (black arrow in [Fig. 6A](#fig6){ref-type="fig"}). We further note that the intensity of interfered light significantly varies inside the nucleus, reflecting inhomogeneous distribution of organelles and macromolecule complexes such as nucleolus and chromosomes, *etc*. within a nucleus. According to our observations, the internal architecture of a nucleus is only partly accessible by iSCAT microscopy due to the limited depth-of-field of iSCAT along *z*-axis.

![Zoomed-in images for several cellular features from fixed COS-7 cells observed by phase contrast and iSCAT microscopy. (A and D) The cell nucleus visualized in phase contrast microscopy (A) and iSCAT microscopy (B). The boundary of a nucleus is visible in the iSCAT image (D) as indicated by red arrowheads for visual guidance. Moreover, the fringe pattern in the middle of iSCAT image corresponds to a round nuclear structure shown in the phase contrast image (A). (B and E) Narrow filopodia around the cell boundary revealed in phase contrast microscopy (B) and iSCAT microscopy (E). Compared to the phase contrast image (B), the iSCAT image shows significantly higher optical contrast, clearly displaying fine branched structures of filopodia as well as a number of nano-sized debris spreading around one branch (E). (C and F) Flat and thin lamellipodium revealed in phase contrast microscopy (C) and iSCAT microscopy (F). Although the boundary is still identifiable due to slight but detectable optical contrast, the lamellipodium basically appears to be flat in the phase contrast image (C). On the contrary, the height variation of the upper cell membrane manifests itself by forming strong fringes in the iSCAT image (F). For example, a region of cell membrane has a sharp incline towards the middle of the cell between two yellow dotted lines, while the boundary area of the cell appears to be so flat that approximately one run of contrast variation (from dark to bright and *vice versa*) occurs in the iSCAT image over a large region of lamellipodium (F). The scale bar is 10 μm.](c7sc04733a-f6){#fig6}

The benefit of iSCAT imaging becomes quite clear when it is directly compared with phase contrast images obtained near cell boundaries. While the morphologies of thin filopodia appear in poor contrast in phase contrast microscopy ([Fig. 6B](#fig6){ref-type="fig"}), one can see the fine structures of filopodia in iSCAT microscopy ([Fig. 6E](#fig6){ref-type="fig"}) with similar magnification. Furthermore, the iSCAT microscopy can capture the existence of nano-sized debris scattered near a branch of filopodia (yellow dotted circled area in [Fig. 6E](#fig6){ref-type="fig"}), which is almost invisible in the corresponding phase contrast image ([Fig. 6B](#fig6){ref-type="fig"}). Finally, the iSCAT microscopy gives detailed information about 3-dimensional architectural features near cell boundary structure *via* formation of strong fringes ([Fig. 6F](#fig6){ref-type="fig"}) while it appears to be flat and featureless in the phase contrast image ([Fig. 6C](#fig6){ref-type="fig"}).

To address the sensitivity of iSCAT technique in cell imaging, we performed the following experiments shown in [Fig. 7](#fig7){ref-type="fig"}. Up to now, the issue of sensitivity has been only addressed for nano-scatterers in a highly homogeneous medium. Therefore, for the first time, we tried to test the sensitivity of iSCAT technique in the context of cell imaging assay. To do this, we gradually increase the value of refractive index inside and outside the cell membrane up to that of cell membrane, *n* ∼ 1.50, by increasing the sucrose concentration in the sample chamber (from [Fig. 7G--K](#fig7){ref-type="fig"}, *n* ∼ 1.33, 1.36, 1.39, 1.43 and 1.46). From the raw image near cell boundary by iSCAT microscopy, a long extended filopodium was selected (black dotted boxed area in [Fig. 7A](#fig7){ref-type="fig"}). As shown in the cross-sectional profile of iSCAT signal taken from the dotted line drawn in [Fig. 7B](#fig7){ref-type="fig"}, a thin single filopodium is recognizable in an aqueous environment with refractive index as high as *n* ∼ 1.43 ([Fig. 7J](#fig7){ref-type="fig"}). Above this critical value of *n*, the iSCAT signal becomes undistinguishable from the environmental noise ([Fig. 7K](#fig7){ref-type="fig"}).

![Measurements of the sensitivity in iSCAT cell imaging: image contrast degrades with reduction of refractive index difference between a cell lipid membrane and intra- and extracellular media. (A) Typical iSCAT snapshot image obtained from a cell boundary area. (B--F) iSCAT images of a single filopodium marked by the black dotted-dash box in (A) for various values of the refractive index of the surrounding medium from *n* ∼ 1.33 to 1.46, and (G--K) iSCAT signal profiles taken along the white dotted line drawn in (B). Each profile is obtained from the corresponding image shown above. The dip marked by an arrow in each iSCAT image corresponds to the center line of a filopodium. Here, the refractive index in the surrounding medium was gradually increased by increasing the concentration of sucrose in the medium. From B to F (G to K), the value of *n* is 1.33, 1.36, 1.39, 1.43, and 1.46, respectively.](c7sc04733a-f7){#fig7}

Conclusions
===========

In summary, we investigated the intracellular structure of a living COS-7 cell, using iSCAT microscopy. Compared to RICM, the iSCAT technique revealed intracellular structures in a living cell more clearly due to its enhanced detection sensitivity by employing a coherent light source and utilizing interference. The strength of the technique is even more obvious when the iSCAT image was directly compared with phase contrast image taken for exactly the same cell. The raster scanning by a tightly focused beam makes the iSCAT imaging, which utilizes the effect of confocal imaging, most sensitive to refractive index variations near the surface, since its sensitivity decreases far away from the surface.

As a first application of iSCAT microscopy to cellular imaging, it would be important to understand the capability of iSCAT microscopy in comparison with other label-free nonlinear optical techniques such as second-harmonic generation and third-harmonic generation microscopy,[@cit42]--[@cit45] or coherent Raman scattering microscopy.[@cit46]--[@cit51] One of the greatest advantages in these techniques is their ability to directly prove a structural and molecular specificity at a subcellular resolution. On the contrary, iSCAT microscopy does not provide any chemical specificity/selectivity by itself because it is an optical detection that relies on collecting light scattered by a small object. On the other hand, as shown in our iSCAT cell imaging, the sensitivity of iSCAT is remarkable enough to detect very weak scattering signals, *e.g.*, from very thin filopodia, or tiny changes in the value of refractive index in intrinsically scattering biomaterials such as the inside of cells.

Currently, we are applying an immunostaining technique to label specific target sites such as ER, Golgi apparatus, mitochondria, and focal adhesions to establish clear correspondence between intracellular organelles and specific fringe patterns observed in the *in vitro* interferometric scattering images of cells. Furthermore, we anticipate that the present method can be used to study long-term dynamics of endoplasmic membranes, which are highly dependent on their functional states, in real time.

Materials and methods
=====================

Cell preparation
----------------

The African green monkey kidney fibroblast-like cell lines (COS-7 cells, ATCC, CRL-1651) were plated in a 35 mm confocal dish (SPL, Korea) at a density of 3 × 10^5^ cells per dish and maintained at 37 °C in a humidified 5% CO~2~ and 95% air atmosphere in the growth medium of Dulbecco\'s modified Eagle\'s medium (DMEM, Invitrogen) supplemented with 10% fetal bovine serum (FBS, Gibco) and 1% penicillin/streptomycin (Gibco). After a 24 hour incubation, the confocal dish was equipped onto the X--Y stage for iSCAT live-cell imaging. For cell fixation, we used 4% paraformaldehyde (PFA) solution in 1X phosphate buffer solution (PBS). After removing the culture medium in a glass chamber where cultured COS-7 cells were grown, 4% PFA solution was injected to fix the cells. After incubation for 20 minutes at room temperature, it was washed three times with 1X PBS.

*Escherichia coli* (*E. coli*) OP50 was purchased from the Caenorhabditis genetic center (CGC, Univ. Minnesota). For an aseptic transfer, a single colony was obtained from a streak plate of Luria--Bertani (LB) agar \[10 g Bacto-tryptone (BD), 5 g Bacto-yeast (BD), 5 g NaCl, 15 g Bacto-agar (BD), H~2~O to 1 liter, pH 7.5\]. Then, it was mixed in the round-bottom tube (5 ml, BD Falcon) containing the autoclaved solution of 3 ml Luria broth \[10 g Bacto-tryptone (BD), 5 g Bacto-yeast (BD), 5 g NaCl, H~2~O to 1 liter, pH 7.0 using 1 M NaOH\] and incubated overnight in a rotary shaker (IST-3075R, Jeio Tech) at 200 rpm and 37 °C.

Budding yeast *Saccharomyces cerevisiae* (*S. cerevisiae*) from the Korean collection for type cultures (KCTC, Korea) were also incubated in the round-bottom tube containing the 3 ml glucose-peptone-yeast extract (GPY) solution \[40 g glucose, 5.0 Bacto-peptone (BD), 5.0 Bacto-yeast (BD), H~2~O to 1 liter\] at 200 rpm and 30 °C after obtaining a single colony from the streak plate of GPY agar \[40 g glucose, 5 g Bacto-peptone (BD), 5 g Bacto-yeast (BD), 15 g Bacto-agar (BD) H~2~O to 1 liter\].

Design of a cell chamber for iSCAT live-cell imaging
----------------------------------------------------

For iSCAT imaging of bacterial and yeast cells, a shallow glass chamber was made by sandwiching a slide glass (size: 76 × 26 mm, thickness: 1 mm, Marienfeld) and a cover glass (size: 25 × 25 mm, thickness: ∼0.13 mm, Fisher Scientific). Here, the cover-glass contacts immersion oil (*n*~e~ = 1.518, Immersol 618F, Zeiss) dropped on the 100× objective lens. The thickness of the chamber was maintained by a double-sided tape (thickness: 0.089 mm, 3M Tape 665) sandwiched by the slide glass and cover-glass. To prevent leakage or evaporation of liquid in the chamber, the rim of the chamber was sealed by epoxy (standard 24 ml, Araldite) after injecting about 50 μl of solution containing the bacterial or yeast cells into the glass chamber. All data acquisitions took place at room temperature (23 °C). The refractive indices of a coverslip glass and DMEM buffer used in our experiments were 1.518 and 1.337, respectively.

iSCAT setup
-----------

The experimental setup of iSCAT microscopy ([Fig. 2](#fig2){ref-type="fig"}) is similar to the one previously developed by the Sandoghdar group.[@cit18] A diode laser (*λ* = 405 nm, iBEAM Smart-405-S-HP, Toptica Photonics, Germany) was used as a light source. After passing through a spatial filter (pinhole diameter: 30 μm, P30S, Thorlabs, USA) to remove the optical noise, the laser beam was divided by a 10 : 90 (R : T) cube beam splitter (BS025, Thorlabs, USA). Then, the beam was steered by two acousto-optic deflectors (AODs, DTSXY-400-405, AA opto-electronics, France) to raster-scan on the target area in the sample. The telecentric system with 1-inch focal length lenses (*f* = 500 mm, LA1908, Thorlabs, USA) images the deflection of the beam path caused by the AODs into the back focal plane (BFP) of a 100×, 1.49 NA oil immersion microscope objective (APON100XOTIRF, Olympus, Japan). The light reflected at the glass/buffer interface and the light scattered at the buffer/cell interface were collected by the same objective and focused onto a CMOS camera (MV-D1024E-160-CL-12, Photonfocus, Switzerland). The CMOS camera in our setup has 1024 × 1024 pixels and each pixel size is 10.6 μm. At this magnification, the full area of viewfield is 23 × 23 μm^2^. However, to avoid overlapping with ghost fields formed by unwanted reflections from the surfaces of the cube-type BS, the actual viewfield of real iSCAT image is reduced to 10 × 10 μm^2^ in 400 × 400 pixels with the effective pixel size of 25 nm (Fig. S1[†](#fn1){ref-type="fn"}). However, it should be noted that our small viewfield area is not a fundamental limit as shown by the Sandoghdar and Kukura groups. Rapid beam scanning is achieved by driving each of the AOD controllers (variable frequency driver, AA opto-electronics) with two-channel function generator (33600A, Keysight Tech. USA) using a triangle function (oscillating amplitude: 1.1 V, driving frequency: 83 and 79 kHz for the *x* and *y* channel). The output power of a laser (10 mW, 25 Hz) was measured by the photodiode detector (PDA-36, Thorlabs, USA) placed in the reflection side of the beam splitter located prior to the AODs, which converts the light intensity to the voltage signal. According to our measurement, the diameter of a beam focused in the image focal plane has about 900 nm (Fig. S2[†](#fn1){ref-type="fn"}). The confocal dishes and slide glass chambers prepared for iSCAT live-cell imaging were placed on the microscope stage and the beam scanning area was selected by two piezo translation stages in *X*--*Y* direction (RM21-AZ-AXY-RMS-M, Madcity Labs, USA) and *Z* direction (NFL5DP20/M, NanoFlex, Thorlabs, USA).

iSCAT image processing
----------------------

In general, the background of a raw image captured by iSCAT microscopy is not uniform due to uneven illumination. To remove an uneven background of a single snapshot iSCAT image, first, the raw image (Fig. S3A[†](#fn1){ref-type="fn"}) was processed by 10 × 10 binning. Second, each signal over 10 × 10 bin in the raw image was replaced by the maximum value in each bin, and then it was further smoothened by Gaussian filtering to obtain the background image (Fig. S3B[†](#fn1){ref-type="fn"}). Finally, the background image was subtracted from the raw image (Fig. S3C[†](#fn1){ref-type="fn"}).
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